An analytical model for the mechanical behavior of bolted joints subjected to transverse load has been theoretically formulated. It has been shown that transverse displacement of the cramped component can be separated into five factors: (a) bolt bending due to transverse force acting on the thread surface, (b) bolt bending due to thread surface reaction moment, (c) inclination of bolt head, (d) thread surface slip, and (e) bearing surface slip. In order to calculate the factors (d) and (e), contact force and slip displacement induced on the contact surfaces are modeled while factors (a) to (c) are formulated according to previous theories. In addition, it has been shown that variation in reaction moment induced on the contact surfaces, which affects (b) to (e), depends on contact state. Then, the relation between the reaction moment and transverse load is formulated. We have applied our analytical model to an M16 bolted joint and confirmed that the model shows good agreement on the load-displacement relation with FEM result.
INTRODUCTION
When a bolted joint is subjected to external loading perpendicular to the bolt axis (transverse loading), the joint stiffness decreases because of the slip occurring on the contact surfaces. The relation between applied load and transverse displacement (transverse load-displacement relation) represents the joint stiffness and is also closely related to loosening, making this relationship an important property of a bolted joint. Studies on the joint behavior caused by the slip on the contact surfaces due to transverse loading have been performed by many researchers, including Junker [1] and Yamamoto et al. [2] using Junker's loosening test apparatus. However, it is very difficult to experimentally observe the contact and slip states.
On the other hand, by performing three-dimensional finite element analysis that considers the helical profile specific to threads, the contact and slip states have been clarified numerically. Authors performed FEM analyses of the loosening test using Junker's apparatus and obtained close qualitative agreement on the transverse load-displacement relation and the progress in loosening with the experimental results reported by Yamamoto et al. [3] .
Previous studies showed that complicated behaviors on the contact surfaces cause the properties of a bolted joint such as the transverse load-displacement relation. However, the analytical mechanism that connects the joint stiffness to the behavior of the contact surface has remained unclear. Fujioka et al. [4] modeled the contact force acting on the thread surface and estimated the slip direction. To derive the slip displacement quantitatively, we aimed to analyze the contact force distribution more precisely and to connect the contact force to the slip displacement.
In the present study, we formulated the behaviors of a bolted joint subjected to transverse loading on the basis of mechanical behaviors of the contact surfaces obtained by FEM, and we investigated an analytical model to reproduce the loaddisplacement relation. Here we propose a model that considers the slip displacement on the thread and bearing surfaces in addition to the bending displacement of a bolt axis, as considered by Yamamoto et al. [2] . In chapter 2, we analyze the load-displacement relation obtained by FEM in order to construct an analytical model. We note that the transverse displacement is affected by five factors. Next, in chapter 3, regarding the reaction moment, we examine the relation between the moment and the applied load by FEM and formulate a model of that relation. Then, in chapter 4, we make the model of the slip displacement induced on the contact surfaces. Finally, in chapter 5, analysis results are shown.
ANALYTICAL MODELING OF THE LOAD-DISPLACEMENT RELATION

Analysis object
We worked with a bolted joint that models Junker's test apparatus, shown in Fig. 1 . In this apparatus, roller bearings are placed between a movable plate and a fixed plate in order to minimize sliding friction. Therefore, the contact stiffness of those plates is considered in the analytical model, while the friction between them is neglected. Contact surfaces where friction is considered are the thread surface and the bolt head bearing surface. The bolt and nut each have two pitches of thread, but only one pitch is engaged. Although this has some effect since the stiffness of the mating thread becomes low compared to that of the actual bolted joint, we proceeded on the assumption that there is no essential difference.
Analytical model of the load-displacement relation while considering the slip
When a bolted joint is subjected to transverse loading, the load-displacement relation consists of various slopes. Each slope represents the joint stiffness in response to transverse loading. Changes in the slope, which represent decreases in stiffness, are caused by the slip on the contact surfaces and indicate the initiation of loosening rotation. Figure 2 shows the classification of the factors that contributes to the transverse displacement, obtained by performing finite element analysis of the bolted joint shown in Fig. 1 . The displacement is affected by five factors, as shown by (a)-(e) in the figure. Three factors are caused by bending of the bolt axis, and the other two are caused by the slip on the contact surfaces. According to the description by Yamamoto et al. [2] , the three factors caused by bolt bending can be Fig. 1 FE model for the Junker-type test apparatus explained by considering it as a cantilever beam whose fixed end is the bolt head bearing surface. Transverse force W and reaction moment M thread are induced on the engaged thread surface as a reaction of the transverse load applied to the movable plate. Therefore, transverse displacement occurs due to bolt bending by the transverse force W (denoted as (a)) and by the thread surface reaction moment M thread (denoted as (b)). Factor (b) works so as to prevent bolt bending in the +x direction. Thus (b) is combined with (a) in Fig. 2 . On the other hand, transverse displacement is caused by the inclination of the bolt head because it is not fixed completely on the movable plate (denoted as (c)). It is supposed that the bolt head inclines in proportion to the reaction moment that is induced on the bolt head bearing surface as a reaction of transverse load W (bearing surface reaction moment M bearing ). Previous theories did not consider that the thread surface reaction moment M thread depends on the transverse load. However, FEM results show that there is a relation between M thread and the transverse load. That relation is formulated later.
The other factors are slip induced on the thread surface (denoted as (d)) and that on the bearing surface (denoted as (e)). Although factors (d) and (e) were not considered in previous theories, their contributions are newly formulated in this paper because they are closely related to both joint stiffness and loosening rotation. Bolt bending and inclination of the bolt head are dominant factors until the thread surface undergoes a complete slip. Slip on the thread surface appears gradually after the complete thread-surface slip, and slip on the bearing surface is added when the bearing surface undergoes the complete slip. The transverse displacement caused by each of these factors is formulated below.
(a) Bending displacement due to transverse force W; d 1
The theory for a cantilever subjected to a bending load can be applied. The beam theory proposed by Timoshenko is adopted where the effect of shear is considered because the bolt is short. It is assumed here that there are no threads between the bolt head and the nut bearing surfaces. The bending displacement is determined as follows: 
where l, I g , A g , E, G, and n are the grip length, the second moment of the area of the bolt shank, the cross section of the bolt shank, Young's modulus, the shear modulus, and Poisson's ratio, respectively. (b) Bending displacement due to the thread surface reaction moment M thread ; d 2 We apply the theory for a cantilever subjected to bending moment. The minus sign is applied because this factor works so as to prevent bolt bending in the +x direction. In this case, the bending displacement is calculated as follows:
(c) Displacement due to inclination of the bolt head; d 3
It is supposed that the bolt head inclines in proportion to the bearing surface reaction moment M bearing . This factor is expressed the same way as it is in the theory proposed by Yamamoto et al. [2] that introduced a coefficient k w relating M bearing to inclination angle, as follows:
As for k w , Yamamoto et al. [2] measured it for M10 bolted joints. Nakamura et al. [5] proposed an expression based on experimental results for the bolted joints whose clamped component has low stiffness. When the thread and bearing surfaces undergo complete slip, the contribution of slip to the transverse displacement increases and the joint stiffness decreases. Slip displacement is modeled on the basis of FEM results. The details of the modeling are described in chapter 4. Briefly, the contact surfaces are discretized in the circumferential direction, and we calculated the slip displacement induced on each mesh by bolt tension and the applied load. The component of the slip displacement in the x direction contributes to transverse displacement. Therefore, the averaged displacement in the x direction for the thread surface and the bearing surface is denoted by d 4 and d 5 , Fig. 3 Reaction moment developed on the bearing and thread surfaces respectively. Transverse displacement of the movable plate is obtained by summing the five factors.
Outline of the calculation procedure
First, bolt tension is applied, and then, the transverse load is applied in the +x and −x directions as incremental load steps. We calculate the effects of the factors on transverse displacement in the following order for each load step. First, d 1 is obtained using eq. (1) . Second, after the reaction moment induced on the thread and bearing surfaces is calculated, d 2 and d 3 are obtained using eq. (2) and (3). Next, the contact force distribution due to the applied load and reaction moment is calculated. Finally, we calculate the slip displacement distribution using the contact force distribution to obtain d 4 and d 5 . The variation of a variable X from the former load step to the present is denoted as DX below.
The calculation for the reaction moment used to obtain d 2 and d 3 is shown in chapter 3. The calculation for the contact force and slip displacement used to obtain d 4 and d 5 is shown in chapter 4.
FORMULATION OF THE REACTION MOMENT INDUCED ON THE THREAD AND BOLT HEAD BEARING SURFACES
When a bolted joint is subjected to transverse loading, bending moment is induced. It is expressed as the product of applied load W and grip length l. This bending moment is supported on the thread and bolt head bearing surfaces. Therefore, the reaction moment is induced on those surfaces. Figure 3 shows the variation in reaction moment that is obtained by FEM. It is seen that when the thread surface undergoes a complete slip, the relation between the applied load and reaction moment changes corresponding to the change in slope in the load-displacement relation. While the thread surface undergoes a partial slip, the reaction moment is in proportion to the applied load. And when the thread surface undergoes a complete slip, the bearing surface reaction moment M bearing increases rapidly while the thread surface reaction moment M thread decreases. However, the sum of those moments still maintains the product of W and l. Figure 4 shows schematics of the moment development. During a partial thread-surface slip, the reaction force on the thread surface opposite to the loading direction increases, because the bolt axis tends to incline. On the other hand, during a complete thread-surface slip, the bolt tends to be displaced transversely. The bolt thread climbs up the nut thread in the loading direction, and the reaction force on the thread surface in that direction increases. This causes M thread to decrease. A close observation of FEM results has revealed that the bending moment is shared by the thread and bearing surfaces in this way.
It is supposed that the share of the reaction moment depends on the stiffness in response to the inclination of the engaged thread and the bearing surface. In this model, we express the share of the reaction moment using the spring constant of the engaged thread and bolt head subjected to bending. The spring constant of the bolt head K b is based on the approximated expression for the deformation due to axial force proposed by Sawa et al. [7] . We modified it as follows to describe bending [6] :
where d is the nominal diameter of the thread. For the spring constant of the engaged thread K s , we apply a method proposed by Otaki [8] to obtain thread deformation of a bolted joint subjected to bending. In the case of a partial thread-surface slip, considering that the thread and bearing surface reaction moments work in the same direction, the share of each moment, DM thread and DM bearing , due to a variation in applied load DW is expressed as follows:
. (5) On the other hand, in the case of a complete thread-surface slip, variation in the thread surface reaction moment DM thread turns in the opposite direction. Therefore, the sign of DM thread becomes negative. The variation in the bearing surface reaction moment DM bearing can be obtained using the fact that the sum of DM thread and DM bearing is DWl. The share of each moment is expressed as
MODELING OF THE SLIP DISPLACE-MENT ON THE CONTACT SURFACES
The thread and bolt head bearing surfaces are divided in the Fig. 4 Schematics of the moment development on the bolt head bearing surface and the thread surface due to a transverse load circumferential direction, and the contact force acting on each mesh due to bolt tension and applied load is calculated. After the contact force distribution is obtained, the relation between the contact force and slip displacement is formulated to obtain the slip displacement in each mesh. Figure 5 shows a contact surface (thread surface) projected on the xz plane and coordinate systems. The global Cartesian coordinate system and local coordinate system on each contact surface are defined. In the Cartesian coordinate system, the transverse load is applied in the x direction and the bolt axis is in the y direction. In the thread-surface local coordinate system, the r direction is the one in which the bolt thread climbs the nut thread in the radial direction, the u direction is the one in which the bolt thread descends the nut thread along the thread lead, and the n direction is the normal direction with respect to the thread surface. The bearing-surface local coordinate system is a cylindrical one. However, the u direction is set to be clockwise here. To indicate the position of each mesh, angle x is measured from the +x direction going in the counterclockwise direction, and the angle to the center of the ith mesh is denoted as x i . The bolt and nut threads are engaged by one pitch starting from the position of x=p/2. The contact force and slip displacement induced on the bolt surface (bolt thread and bolt head bearing surface) are calculated. At each load step, the reaction moment is calculated. And then, the contact force distribution induced by the applied load and reaction moment is calculated. Using the obtained contact force distribution, whether slip occurs on each mesh is judged (slip judgment). At the meshes where the slip has occurred, the contact force is adjusted by the scheme described later so as to maintain the equilibrium state between the contact force and the friction. Finally, the slip displacement distribution is calculated on the basis of the contact force distribution and contact state (slip or stick). Considering the interaction between the engaged thread and the bearing surface, the circumferential contact force acting on the thread surface is transmitted to the bearing surface. As a result, the bolt axis undergoes torsion. The calculation procedure of contact force and slip displacement for the applications of bolt tension and transverse load is explained below. 
Contact force and slip displacement induced by the application of bolt tension
Bolt tension is assumed to only affect the contact force distribution; bolt torsion induced by tightening torque is not considered. We confirmed in the previous FEM study [3] that the effect of the torsion on the joint behavior is negligibly small because part of the torsion is released and joint behavior becomes stable in one or two cycles. First, we calculate the axial contact force acting on the contact surface, f y , which balances with bolt tension. And then, f x and f z are calculated as the reaction force against f y . The slip displacement is calculated as the relative displacement between the bolt and nut threads due to the bending deformation of the thread, bolt shrinkage, and nut dilatation induced by these contact force components.
Contact force and slip displacement on the thread surface
We calculate the distribution of the axial contact force component f y thread by using the formula for load distribution induced on the thread surface. The load distribution equation is expressed as F u /F b =sinhlu/sinhlL, where F b is the total bolt tension, L is the nut height, and F u is the bolt tension acting in the cross section that is u distant from the top face of nut. l is a coefficient related to the stiffness of the engaged thread. If this equation is applied to the bolted joint shown in Fig. 1 . (7) Equation (7) is solved to obtain m and n. At last, the f y thread distribution is expressed as follows, considering that threads are engaged from x=p/2 and assuming that the thread surface is divided into n t meshes: Fig. 6 The slip direction and contact force induced on the thread surface when bolt tension is applied
where x s =3p/2 (0≤x i <p/2) and x s =-p/2 (p/2≤x i <2p).
Next, f x thread and f z thread are calculated. When bolt tension is applied, the bolt thread not only slips in the -r direction but it also slips slightly in the +u direction due to the lead angle. Figure 6 (a) shows a part of the thread surface projected on the xz plane. The projected normal vector of the thread surface is shown in the figure. Here, the slip is assumed to be in the direction of this projected vector. If the angle between the projected vector and the radial direction is denoted as k on the xz plane, then the angle between the slip direction and the xz plane, which is denoted as j in Fig. 6(b) , is expressed as ) sin tan cos (tan tan
where a and b are the thread half angle and the lead angle, respectively, and k=tanb/sina. Figure 6 (b) shows a sectional view of thread that is cut by a plane described by the slip direction and a normal vector. If it is assumed that tangential force balances with maximum static friction when bolt tension is applied, the angle between the normal vector and the resultant contact force vector R is tan 
Next, displacement induced on the thread surface is calculated using the obtained contact force components. First, radial slip displacement component u r thread is calculated by applying the method [9] to obtain the deformation of a thread based on elasticity. Figure 7 shows the deformation modes of a thread that are supposed to contribute to u r thread . Figure 7 (a) Fig. 7 Contributions to radial displacement due to deformation of a thread (the radial cross section is shown) 
where a, b, c, and d p are the thread base height, the thread height at the point where contact force acts, the distance from the thread base to the point, and the thread pitch diameter, respectively. Equation (11) is applied to both the bolt and nut threads to obtain their radial displacement, u r1b and u r1n , respectively. On the other hand, Fig. 7(b) shows the bolt shrinkage and nut dilatation induced by f hr thread . Radial displacement due to the force component is calculated by using a formula that determines the deformation of a thick hollow cylinder. The bolt axis is replaced with a solid cylinder whose outer diameter is the pitch diameter d p and that is subjected to an external pressure, pd p f hr thread /pd p P per unit area. The nut is replaced with a hollow cylinder whose outer diameter is the nut diameter D N and whose inner diameter is d p and that is subjected to internal pressure. The contribution to u r thread by bolt shrinkage and nut dilatation is expressed as eq. (12) 
The radial slip displacement u r thread is calculated as the displacement of the bolt thread relative to that of the nut thread. The circumferential slip displacement u u thread is calculated as u u thread = u r thread tank to satisfy the slip direction k shown in Fig.   6 (a).
Contact force and slip displacement on the bolt head bearing surface
The distribution of the axial contact force component f y bearing is calculated. It is considered to be uniformly distributed as follows if the inclination of the bolt head is not assumed:
where n b is the mesh number of the bearing surface. If it is assumed that tangential force balances with maximum static friction when bolt tension is applied, f x bearing and f z bearing can be obtained by substituting a=b=0 into eq. (9) and (10). u r bearing can be obtained by applying eq. (11) to (13) to the deformation of the bolt head and clamped plate just as the case of thread surface. However, displacement caused by the inclination of bolt head u r1b and displacement caused by bolt shrinkage and nut dilatation, u r2b and u r2n , are considered. Because it is supposed that the displacement induced on the bearing surface is axially symmetrical, u u bearing is 0.
Contact force and slip displacement induced by the application of a transverse load
To calculate the contact force distribution, first, the variation in the axial contact force component f y due to the variation in reaction moment is calculated. Then, the variation in f x induced by the application of a transverse load is calculated. After the contact force components obtained using the Cartesian coordinate system are converted to the local coordinate system, slip judgment is carried out. The contact force components are adjusted so as to maintain the equilibrium between tangential force and maximum static friction at the meshes where slip has occurred. Horizontal circumferential contact force component induced on the thread surface is added to that on the bearing surface f u bearing to maintain the equilibrium in the circumferential direction.
Slip displacement is related to contact force components or applied load, depending on the contact state. In the state of partial slip, deformation of the bolt and nut threads is calculated to obtain the radial displacement, just as in the case of the application of bolt tension. In the state of complete threadsurface slip, it is assumed that thread-surface slip in the loading (x) direction occurs in proportion to the applied load. In addition, torsion is considered in proportion to the horizontal circumferential contact force component f u bearing . Finally, in the state of complete bearing-surface slip, bearing-surface slip in the loading (x) direction continues until the movable plate reaches the preset maximum displacement. In addition, rotational displacement in proportion to f u bearing occurs on both the thread and the bearing surfaces.
Contact force on the thread surface
The application of transverse load W and thread surface reaction moment M thread varies the contact force distribution. It is considered here that M thread varies the f y thread distribution and W varies the f x thread . First, if it is assumed that the variation in thread surface reaction moment DM thread causes Df y thread distribution in proportion to the distance from the axis of the moment (z axis), then Df y thread is expressed as follows:
where r mt is the average contact radius of the thread surface. Second, Df x thread induced by the applied load is expressed on the basis of a FEM result. Figure 8 Next, the contact force components obtained using the Cartesian coordinate system are converted to the local coordinate system using eq. (18), and slip judgment is carried out for each mesh. The criterion is expressed as follows:
where D 1 ≥0 means slip and D 1 <0 means stick. If slip occurs in some meshes, it is necessary to adjust the contact force components to maintain equilibrium (D 1 =0) because tangential force is greater than maximum static friction. The adjustment procedure is explained using Fig. 9 . It is assumed that f r thread acts in the -r direction and f u thread acts in the +u direction, as shown in Fig. 9(a) when the bolt thread climbs the nut thread. In this state, the angle between the slip direction and the radial direction is k=tan
) on the xz plane. Fig. 9(b) shows a thread section that is cut by a plane described by the slip direction and a normal vector of the thread surface. The angle between the slip direction and the xz plane, which is denoted as j, is expressed as eq. (9) . If it is assumed that tangential force balances with maximum static friction, the angle between the normal vector and the resultant contact force vector R, which is denoted as r in Fig. 9(b) , should be tan −1 m. Therefore, the direction of R is adjusted by r−tan Finally, torque T y induced around the bolt axis can be expressed as eq. (19) using adjusted f x thread and f z thread . It is supposed that T y is transmitted to the bearing surface through the bolt axis and leads to slip in the loosening direction there. Therefore, T y is considered in the calculation of the contact force on the bearing surface. 
Contact force on the bolt head bearing surface
The contact force on the bolt head bearing surface is calculated using the same procedure as the case of the contact force on the thread surface. On the bearing surface, the application of transverse load W, bearing surface reaction moment M bearing , and torque T y that is transmitted from the 
where r mb is the average contact radius of the bearing surface. Second, Df x bearing induced by the applied load is expressed on the basis of a FEM result. 
Next, the contact force components obtained using the Cartesian coordinate system are converted to the local coordinate system using eq. (18). At this point, the effect of T y transmitted from the thread surface is considered. DT y is divided by the average bearing surface radius r mb to be converted to the circumferential contact force, and it is added to f u bearing . Finally, using the obtained contact force components, slip judgment and adjustment of the contact force components are performed. 
Slip displacement on the thread surface
Slip displacement is related to the contact force components or the applied load, depending on the contact state. First, in the state of partial thread-surface slip, the slip displacement is added to that of the previous load step in proportion to the variation in the contact force components. The calculation method is the same as that used in the case of the application of bolt tension explained above. However, the slip direction k shown in Fig. 9(a) is used.
Second, in the state of complete thread-surface slip, the bolt is displaced in the direction of the applied load, and the bolt thread climbs the nut thread in the radial direction. It is assumed that thread-surface slip in the loading (x) direction occurs in proportion to the applied load. The slip displacement in the direction is resolved in the radial and circumferential directions to obtain Du r thread and Du u thread . As for circumferential displacement, torsion caused by the variation in torque induced on the thread surface DT y is added. Based on this examination, 
where a coefficient k 1 thread represents the stiffness toward transverse slip on the thread surface in the state of complete slip. It is supposed that the thread half angle and the elastic deformation of the thread affect k 1 thread . Next, in the state of complete bearing-surface slip, torsion torque accumulated in the bolt is released and large loosening rotation occurs on the bearing surface. At the same time, the bolt undergoes rigid rotation. Therefore, the thread surface also undergoes circumferential displacement. Assuming that the circumferential displacement is in proportion to the torsion torque, Du u thread is expressed as follows:
where the coefficient k 2 thread represents the stiffness toward the circumferential slip on the thread surface. Here, because the applied load does not increase any more, the radial displacement does not vary. It is supposed that the lead angle where the bolt thread descends nut thread affects k 2 thread . Finally, u r thread and u u thread obtained as described above are converted to transverse displacement distribution u x thread using eq. (24). And the u x thread distribution is averaged over a whole pitch to obtain the transverse displacement on the thread surface d 4 
Slip displacement on the bolt head bearing surface
First, in the states of complete stick and partial slip of the bearing surface, the slip displacement is added to that of the previous load step in proportion to the variation in the contact force components as in the case of partial thread-surface slip. The calculation method is the same as that in the case of the application of bolt tension explained above.
Second, in the state of complete bearing-surface slip, a movable plate can keep sliding with the constant transverse load until the bolt shank touches the bolt hole. However, it is assumed here that the bearing surface keeps sliding until the movable plate reaches the preset maximum displacement U lm . Therefore, the transverse displacement induced on the bearing surface d 
where the coefficient k 2 bearing represents the stiffness toward the circumferential slip on the bearing surface.
Finally, u r bearing and u u bearing obtained as described above are converted to the transverse displacement distribution u x bearing using eq. (24) as in the case of the thread surface. The u x bearing distribution is averaged over a whole round to obtain the transverse displacement on the bearing surface d 5 by eq. (25). Here, a=b=0.
ANALYSIS RESULTS
The proposed analytical model is applied to an M16 bolted joint. The analysis conditions are listed in Table 1 , and the coefficients that are related to slip displacement and k w are Table 2 . Those values are set on the basis of the FEM results for the slip displacement and inclination of the bolt head. If appropriate coefficients are prepared for this model to calculate slip displacement, the load-displacement relation can be derived.
Evolution of the contact state
It is possible to observe the variation in the contact state at each mesh by the slip judgment expressed as eq. (17). Figure 11 shows the contact state on the thread surface in the first transverse loading process. The FEM result shows that the region ranging from x=0 to x=3p/2 is in the slip state at W=200 N, except for the region around x=p/2, where the thread is not continuous. The stick region shrinks gradually by W=500 N.
We confirmed that our model shows this variation. Figure 12 shows the load-displacement relation during the first loading cycle. It consists of three kinds of slope. The steep slope corresponds to the state in which a stick region exists on both the thread and bearing surfaces, the gradual slope corresponds to the state of complete thread-surface slip, and the flat region corresponds to complete bearing-surface slip. In FEM, if the increment of the load step is large, the change point of the slope becomes unclear. However, because the load step when complete thread-surface slip occurs is searched in the Analytical model FEM analytical model, the change point of the slope is clear and each slope is obtained precisely. If the slopes during first loading process are measured, the steep slope is 1.83´10 4 N/mm and the gradual slope is 5.89´10
The load-displacement relation
3 N/mm in the analytical model, while these slopes are 2.09´10 4 N/mm and 6.27´10 3 N/mm, respectively, in FEM. As one of the points that should be improved, it could occur that a difference would arise in the load step when complete thread-surface slip occurs between the unloading process and the reloading process.
Finally, Fig. 13 shows the load-displacement relation obtained under three kinds of bolt tension, allowing us to examine the effect of bolt tension on joint stiffness. In both the analytical model and FEM, the effect of bolt tension on the steep slope is not observed while the gradual slope tends to be gentle as the bolt tension is small. This result is caused by the fact that as the bolt tension is small, large transverse slip occurs on the thread surface for a load increment in the state of complete thread-surface slip.
CONCLUSION
For a bolted joint subjected to transverse loading, an analytical model for load-displacement relation has been derived on the basis of the mechanical behavior on the contact surfaces obtained by FEM. Two major properties are modeled that were not considered in previous theories. First, transverse displacement is shown to be affected by five factors, and transverse slip induced on the thread and bolt head bearing surface is considered in addition to the factors involved with bolt bending. As to the calculation of slip displacement, the contact surfaces are divided in the circumferential direction, the contact force acting on each mesh due to applied load is calculated, and then, the slip displacement is related to the contact force. Second, we have demonstrated that the relation between the applied load and the reaction moment induced on the thread and bearing surfaces varies due to complete threadsurface slip. The effect of the reaction moment on transverse displacement is formulated. The above investigations lead to an analytical model of the load-displacement relation that distinctly represents the slope related to joint stiffness and the change in slope caused by surface slip. 
